Cotton embryos from 34 to 54 days after anthesis were analyzed for organic acids, and enzymes associated with organic acid metabolism. During this developmental period, embryos accumulated citrate. Malate synthase activity appeared at 46 days after anthesis and increased rapidly to 54 days. Of other enzymes examined, only citrate synthase activity increased during this period. As isocitrate lyase activity was absent from cotton embryos during maturation, an 3 To whom reprint requests should be addressed.
Malate synthase and isocitrate lyase are unique enzymes of the glyoxylate cycle by which germinated oilseeds produce succinate from acetyl-CoA (3). These and other enzymes of the cycle are localized within specialized peroxisomes called glyoxysomes (3) . The only reported occurrence of malate synthase and isocitrate lyase activities in a higher plant tissue not involved in lipid to carbohydrate conversion is in ripening fruits (2, 32) where these enzymes are thought to be involved with organic acid intercon-'Supported by National Science Foundation Grant PCM 7823156. 2Present address: Department of Biology, Queens University, Kingston, Ontario K7L 3N6.
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versions (32) . The glyoxylate cycle also is operative as an anaplerotic pathway in microorganisms grown on alkanes or C2 carbon sources (22) . There have been several reports of malate synthase without accompanying isocitrate lyase activity in microorganisms (18, 28) . In Rhizobia, Stovall and Cole (31) proposed a role for malate synthase in organic acid metabolism.
In contrast to the enormous body of knowledge that exists concerning seed germination, relatively little is known about seed development (12) . Choinski and Trelease (8) reported that developing cotton embryos synthesized catalase-containing peroxisomes beginning about 22 DAA.4 Malate synthase activity developed just prior to desiccation (46 DAA) and coequilibrated with catalase activity in the peroxisome region of sucrose-density gradients. Isocitrate lyase activity has not been detected at any time during cotton embryo development (8, 12, 25, 33) . It now appears that malate synthase, in the absence of detectable isocitrate lyase activity, occurs universally among ungerminated oilseeds (25) . The purpose of this investigation was to test for in vivo malate synthase activity and for the possible involvement of malate synthase in organic acid metabolism during the late stages of cotton embryo development. (27) , and succinate (34) . Enzyme Activities. Clarified homogenates were prepared as previously described (8) . Published assay procedures were followed for malate synthase and isocitrate lyase (25) , malate DH and citrate synthase (8), aconitase and glycolate oxidase (9) , NADand NADP-isocitrate DH (11) , NAD-and NADP-malic enzyme (10) , fumarase (17) , ATP-citrate lyase (15) , and NAD-and NADPglyoxylate DH (29) . Aspartate: a-ketoglutarate AT (EC 2.6.1.1) was assayed by coupling with malate DH. Complete reaction mixtures contained; 70 umol Mops-KOH, pH 8.2, 3 ,umol aspartate, 60 nmol pyridoxal-5'-phosphate, 1.25 ,umol NADH and extract in a final volume of 1.0 ml. After recording Au0 for "NADH oxidase" activity, the reaction was initiated with 0.1 ml of 5 mM a-ketoglutarate. Addition of exogenous malate DH was unnecessary. Alanine: a-ketoglutarate AT (EC 2.6.1.2) was assayed in the same manner, but coupled through 1 unit of pig heart lactate DH.
Concentrations of soluble and insoluble (that which sediments when centrifuged at l0,OOOg for 10 min) protein were determined by the method of Bradford (5). Lipids were extracted and quantitated as previously described (26) . A detailed report on carbohydrate extraction and quantitation is in preparation (35) . Enzyme and Metabolite Localization. Homogenization of embryos and zonal-rotor sucrose density gradient centrifugation were conducted as previously described (26) . Nonaqueous homogenization and subsequent protein body isolation were by the method of Yatsu and Jacks (36) . Nonaqueous homogenization and isolation of a crude organelie fraction by discontinuous hexane/CCI4 gradient centrifugation were conducted as described by Fry and Bidwell (16) .
Metabolism of Isotopically Labeled Compounds. Sixty embryo halves were incubated (cut portion down) in 9-cm plastic Petri dishes containing 2 discs ofWhatman 1 paper and 2 ml of solution (isotope in sterile, deionized H20). Dishes were sealed with silicone grease and wrapped with parafilm. All incubations were conducted in darkness. A shallow center well contained 1 ml phenethylamine to trap respired CO2. After incubation, embryos were extensively washed to remove any surface adsorbed isotope, then extracted as described for organic acids. Neutralized extracts were partitioned against H20-saturated CHC13 to obtain a lipid fraction, and the aqueous phase separated into basic (amino acids), neutral (sugars), and acidic (organic acids) fractions by ion-exchange chromatography (6) . The organic acid fraction was further examined by descending chromatography on Whatman 1 paper, using tertamyl alcohol:formic acid:H20 (3:1:1, v/v) as the mobile phase. Acids were localized by spraying papers with 0.05% bromphenol blue (w/v) in ethanol. Spots corresponding to authentic standards were cut out and monitored for radioactivity using a Beckman LS-8000 liquid scintillation spectrometer. Counting fluid was 16% (v/v) Triton X-100 in toluene containing 4.5 g PPO and 0.1 g POPOP/1. All results were converted to dpm using the external standard method.
[I4C]malate and [14C]citrate were extracted and purified from 50 DAA-embryos following a 1-h incubation with 20 ,uCi [1- 14C]acetate. Malate (1.65 ,umol, 116,000 dpm) was decarboxylated with NADP-malic enzyme, as described by Dittrich (10). The resulting pyruvate was similarly decarboxylated using bakers yeast pyruvate decarboxylase. Citrate (3.16 ,imol, 273,400 dpm) was subjected to total stereochemical degradation by the method of Kent (19) .
Statistical Analysis. Unless otherwise indicated, all enzyme and metabolite data are means ± standard error of the means, for eight separate experiments. All isotope experiments were done at least twice and data presented are means.
RESULTS
Physical and Chemical Parameters. A detailed examination of cotton embryo development from 34 to 54 DAA was undertaken. Fresh weight increased from 34 to 50 DAA, followed by a decline as bolls opened and seeds desiccated (Table I ). Dry weight increased from 34 to 46 DAA and leveled off. Soluble protein content increased throughout embryogenesis while the insoluble protein increased from 34 to 42 DAA and remained nearly constant thereafter (Table I) . Total sugars increased from 34 to 50 DAA while starch decreased from 46 to 54 DAA. Levels of dextrins and reducing sugars were comparatively low and remained relatively constant during development.
Organic Acid Analysis. Extraction of mature 54 DAA embryos and paper chromatography of the acidic fraction revealed the presence of two major and one minor spots corresponding to oxalate, citrate/isocitrate/aconitate, and malate, respectively. Quantitative analysis of organic acids revealed that citrate was a major acid in developing embryos (Table II) .
Oxalate level was high at 34 DAA, decreased at 38-42 DAA, increased at 46-50 DAA then decreased to its lowest level in mature desiccated seeds (Table II) . Aconitate increased from 34 to 38 DAA, then decreased steadily through 54 DAA (Table II) . In contrast, citrate levels increased from 34 to 54 DAA. Malate levels remained constant through 42 DAA, increased to a peak at 46 DAA, then decreased sharply to the lowest level in mature seeds. Lactate, fumarate, and succinate comprised only a small portion of the total organic acid fraction, and remained relatively constant throughout development (Table II) . Although recoveries of standards were <90%o, levels of pyruvate, oxaloacetate, isocitrate, glycolate, and glyoxylate in extracts were undetectable by the assays employed. Enzyme Activities. Activities of selected enzymes involved with organic acid metabolism were measured (Table III) . Malate synthase activity was absent prior to 46 DAA, then increased rapidly to a maximum at 54 DAA. In contrast, activities of all other enzymes were measurable throughout the period studied. Citrate synthase activity increased steadily from 34 to 54 DAA. Aconitase activity increased from 38 to 42 DAA, then remained constant through 50 DAA, before decreasing as embryos desiccated. Malate DH, NADP-isocitrate DH, fumarase, aspartate AT, and alanine AT activities remained relatively constant throughout the developmental period examined (Table III) (11) . NAD-isocitrate DH activity, however, was measured in mitochondrial fractions isolated on sucrose densitygradients (unpublished observation). Organelle Isolation. Organelles were isolated by zonal-rotor sucrose density gradient centrifugation from mature 54 DAA embryos which had been hydrated for 3 h. The mitochondrial peak (1.21 g ml-', marked by Cyt oxidase) was separated from the microbody (peroxisome) region (1.24 g ml-', marked by catalase) (Fig. 2) . Fifty-four per cent of malate synthase activity applied to the gradient was recovered in the peroxisome region (Fig. 2) .
Malate DH activity (20%o recovered on gradients) was localized mostly in the mitochondrial region, but a distinct peak was found in the peroxisome region (Fig. 2) . These data are consistent with our unpublished observation of at least three electrophoretically distinct isozymes of malate DH in clarified homogenates from developing cotton embryos. Citrate synthase activity (54% recovered on gradients) showed a similar distribution in both mitochondrial and peroxisome regions (Fig. 2) (Fig. 3) . Fifty-five per cent of label in citrate was located in C1, with 33% in C5 and 12% in C6. Internal carbons were not labeled (Fig. 3) .
As malate synthase appeared active in vivo and involved in citrate production, it seemed possible that accumulated citrate served as an early metabolic substrate during germination and/or postgerminative growth. Citrate levels showed a sharp drop between 4 and 8 h following imbibition, then again between 24 and 28 h (Fig. 4) . The level of citrate 28 h after soaking was approximately one-half that in dry seeds. The majority of [14C]citrate taken up between 4 and 8 h remained in the organic acid fraction, nearly 10%1o was evolved as CO2 and incorporated into lipids (Fig.  4) . Most citrate taken up between 24 and 28 h remained in the organic acid fraction, although there was some incorporation into amino acids and sugars. Nearly one-fourth of incorporated label was evolved as CO2 and 13% was recovered in lipids (Fig. 4) .
DISCUSSION
Fresh and dry weight, lipid, and starch contents of cotton embryos grown under our conditions were similar to previous reports for field grown cotton (1) . Insoluble protein levels, which presumably represent storage protein were similar to measurements of purified storage proteins by Kisla (20) . Comparative data on soluble protein, dextrins, total, and reducing sugars appear lacking.
Mauney et al. (24) observed the presence of malate (>7 mg ml-') in extracts of 12 to 14 DAA cotton embryos. Ergle and Eaton (13, 14) reported citrate, malate, oxalate and succinate (12.5, 11.2, 7.8, and 2.9 meq/100 g dry weight, respectively) in dry cotton seeds. They were unable to detect isocitrate or cis-aconitate using enzymic assays. Their failure to detect aconitate is surprising in view of the high levels which we observed (Table II) . Our preliminary examinations showed the aconitate was approximately 50Y% the trans-isomer (23) which would not be detected by enzymic analysis.
Thirty-eight DAA cotton embryos were physically, chemically (Table I) , and metabolically distinct from 50 DAA embryos. In 38 DAA embryos, the citrate level (Table II) and citrate synthase activity were about half those values in 54 DAA embryos, and malate synthase activity was absent (Table III) . Synthesis of storage lipid was a major event at 38 DAA as evidenced by neutral lipid accumulation (26) and incorporation of [l-14Clacetate into lipid (Table V) . In contrast, storage lipid accumulation had ceased by 50 DAA (26) and [1-'4C]acetate was not incorporated into lipids. Much of ['4CJcitrate taken up by 38 DAA embryos was incorporated into lipids, whereas citrate taken up by 50 DAA embryos remained metabolically stable (Table V) . Thus, a shift from active citrate metabolism to citrate storage was apparent in embryos from 38 to 50 DAA. This shift is coincident with the cessation oflipid synthesis, and the appearance of malate synthase activity. Finally, most [1-14C] glyoxylate taken up by 38 DAA embryos was decarboxylated and no label appeared in the organic acid fraction, while 50 DAA embryos incorporated 28% of label taken up into organic acids and 45% into sugars (Table V) . Without considering compartmentation, the intracellular concentrations of amino acids and the corresponding a-ketoacids are often considered to be in equilibrium. If this assumption is valid for cotton embryos, then these results suggest that a shift in glycine metabolism also occurs between 38 and 50 DAA.
Appearance at 46 DAA and increase in malate synthase activity to a peak at 54 DAA are in agreement with the previous report by Choinski and Trelease (8) . Of other enzyme activities examined, only citrate synthase increased during this period (Table III) . Examination of the organic acid fraction revealed that citrate levels increased from 42 to 54 DAA. An involvement of malate and citrate synthases in synthesis of citrate is consistent with these observations. Their involvement is further implicated by compartmentation ofmalate synthase, malate DH, and citrate synthase together only in peroxisomes (Fig. 2) , and the capability of this (Table IV) .
When 50 DAA embryos were incubated with plus [3Hlacetate, there was double labeling of org cluding malate and citrate (Table V) . Data obtaine( halves pulsed with acetate and incubation of isolate with glyoxylate and acetate (Table IV) suggeste rapidly converted to citrate. When malate synthesiz embryos from [1l-'Clacetate was degraded, carbon equally labeled (Fig. 3) . This was consistent wit] acid cycle equilibrated malate, i.e. no peroxison malate accumulated. Degradation of labeled cit more complex pattern (Fig. 3) 
